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Supply Chain

N

Supply Chain is a set of activities
* purchasing,

* manufacturing,

+ logistics,

*« distribution,

* marketing

that perform the function of delivering

value to end customer
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Supply Chain Optimization

Suppliers Manufacturers Distributors s e e Customers

is determining positions and

L

3
U
1]

count of actors,
amount of product flow between and
decreasing transportation costs are

handled as network design problemin -
supply chain management
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Greenness in Supply Chain

The green supply chain extends this definition by
(i) Waste of all processes,

(i) Using efficient energy resources,

(iii) Greenhouse gas emissions,

(iv) Using capacities and resources efficiently,
(v) Considering legal environmental factors

~1

gz

AN
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Why Go Green in Freight Transport?

T e——

")’r‘g:es:;ie"; 16.8% Transportation Greenhouse Gas Emissions

Power stations Rail B
ai uses
21.3% Marine 2% 19

5%
Transportation fuels Ai;%r:g't ‘
14.0% Waste disposal Pass;ggﬁer Cars
and treatment
0,
3.4% Other
11%

Agricultural

byproducts Land use and

biomass burning

12.5% 10.0%

Fossil fuel retrieval, 10.3% Residential, commercial, Heavy Trucks
processing, and distribution 11-3% and other sources 16%
Light Trucks
. . 19%
Greenhouse gas emissions by sectors
20.6% 29.5% 40.0% 62.0%
1.1%
8.4% 4.8% 1.5%
6.6% 2.3%
19.2% 9.1% 29.6% ’ 5.9%
12.9% ' 18.1% 26.0%
Carbon Dioxide Methane Nitrous Oxide
(72% of total) (18% of total) (9% of total)

The greenhouse gas emission distribution
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What is being done for ‘green transportation’?

‘\

* The literature is already quite rich on freight distribution planning
problems,

* The goal is usually to minimize “internal” operational costs,

+ An explicit consideration of “external” (environmental) costs is
essential.

* This is the motivation behind this talk.
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Literature

* The literature on the supply chain network design problem and its variants is
rich and the reader is referred to the book of Geunes and Pardalos (2005)
and to the comprehensive survey by Mula et al. (2010) for a recent coverage
of the state of the art on models and solution algorithms.

* |t has been pointed out that there is a wide gap for reducing CO, emissions,
increasing fuel efficiency, decreasing noise levels, considering roughness by
extending traditional supply chain objectives to account for wider
environmental and social impacts rather than just the economic costs.
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+ Beamon (1999) describe green supply chain first,

* In parallel, external and internal costs of transportation are studied by
Forkenbrock (1999, 2001). They estimate four general types of external
costs for a ton-mile of freight shipped by truck: accidents; emissions; noise;
and unrecovered costs associated with the provision, operation, and
maintenance of public facilities,

+ Anciaux and Yuan (2007) construct an intermodal (truck, train and ship)
optimization model to minimize the total transportation costs for delivering
goods from the Peugeot factory in Paris to Marseille. The model includes a
term that quantifies the total air emissions from pollutants (CO,, NO,, SO,
hydrocarbons, and dust) during product shipment,
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+ Palmer (2007) in PhD dissertation presents an integrated routing and
emissions model for freight vehicles and investigates the role of speedin
reducing CO, emissions under various congestion scenarios and time
window settings.

+ Gabali (2009) considers time-dependent travel times between the links, they
address the vehicle routing problem from two extreme standpoints; one
seeks to optimize exclusively on total travel time; the other does so on total
CO, emissions. They also present a cost-based model that optimizes on a
weighted average of travel time, emission and fuel costs.
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+ Paksoy et al. (2011) presented a multi-objective linear programming
model of a closed-loop supply chain network that minimizes
transportation, green and raw material purchasing costs. An interesting
feature of this model formulation is that penalty costs are levied in the
reverse logistics portion of the model for extra carbon dioxide
emissions.

+ Bektas and Laporte (2011) present the Pollution-Routing Problem, an
extension of the classical Vehicle Routing Problem with a broader and
more comprehensive objective function that accounts not just for the
travel distance, but also for the amount of greenhouse emissions, fuel,
travel times and their costs.
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Contribution and aim of study

o

* This brief survey shows that most studies fail to properly integrate
environmental factors, in particular, GHG emissions, and the more
traditional operational and economic objectives in supply chain network
problems.

* We note that few, if any, of the models incorporate green and/or
sustainability variables directly or indirectly into their mathematical
formulations.

* S0, to the best of our knowledge, this paper suggests the first paper
considering CO, emissions, fuel consumption, transportation speed/time,
noise levels and road roughness factors in the context of supply chain
network design based on mathematical formulation.
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Decision model of the study

Decision Model

Transportation

Decision Inputs
* Distance between facilities
* Transportation cost
* Noise cost
*  Fuel cost
* (O, cost
* (Capacities and demands
*  Max and min speed levels
* Max noise levels

Decision Outputs
= Transported quantities and costs
= Transportation time and costs
* Transportation speed
* Emitted CO, and costs
* Emitted noise and costs
* Consumed fuel and costs
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Problem Definition and Modeling

\

* In this model, we distinguish the costs and the time of shipments for
satisfying the demands of customer, the costs in terms of gas emissions,
as well as the costs in terms of other environmental factors,

* During the transportation it is certain that each vehicle emits a certain
amount of greenhouse emissions.

* A speed emission function which is developed in the MEET report by
European Commission (2009) is used in this study.

* The function 8(v) provides the emissions per km for speed v.
* Figure depicts emitted CO,amount versus speed this speed.
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* According to Figure, minimum CO, is emitted via a ve

km/hr. We defined 7 speed intervals and linear functions between 40 km/hr
and 110 km/hr.

* Equation 1 depicts the amount of emissions emitted per km given that a
vehicle is at speed v in speed interval I.

* Hl(v) =q;.v+ bl (1)

=0—C02 kg/km

1,3

1,2 /
E 1,1
k)
< 1,0 /
8N 0,9 \

0’8 \\‘/K/

0,7

40 50 60 70 80 90 100 110
Speed (km/hr)
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Fuel Consumption

'
* Besides the emissions factor, fuel consumptioniis also considered in this
study.

* Fuel consumption is directly deal with speed of vehicle as CO, emission.
# Figure shows the relation consumed fuel (L/100km) amount and speed
(km/hr) of vehicle (Bektas and Laporte, 2011).

=o—Fuel (L/100km)

b P
N\
‘\//

20 30 40 50 60 70 80 90 100 110

Speed (km/hr)

Fuel consumption (L/100km)
oNw®®o0oXuwh
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Fuel Consumption

\

# As it seen from the Figure, up to a certain level (50 km/hr), fuel consumption
will decrease as speed increases.

* In contrast, after point 50 km/hr fuel consumption will increase with speed.

* Minimum fuel consumption is provided via a vehicle which has 40 and 50
km/hr.

* From the Figure, 7 different functions are obtained for each speed interval
(Eg. 2).

= Bi(v) = a@,.v + by (2)

# Where f3; is the consumed fuel amount (L/100 km) with speed v in speed
interval I. The coefficients (@, b;) differ per speed intervals and given Table.
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Coefficients of each speed interval functions

for CO, emission and fuel consumptions

o

7 7T
| No | Speed Intervals (km/hr) b, a; b,
e 40-50 ~0.011274 1.42038 0 7.1
[ =] 50-60 -0.007394 1.22638 0.04 5.1
60-70 -0.003007 0.96316 0.07 3.3
70-80 0.002001 0.61260 0.10 1.2
ES 80-90 0.007670 0.15908 0.10 1.2
| 16 | 90-100 0.014023 -0.41269 0.16 -4.2
100-110 0.021064 -1.11679 0.1 0.8
CO, emission Fuel consumption

0,(v) =a;.v+ b pi(v) =a;.v+b
6,(55) = —0.007394 * 55 + 1.22638 [ = 2 B,(55) = 0.04 %55 +51 [=2
0;(55)=0.81971 kg/km 0;(55)=7.3 L/100km
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Noise factor

Noise impact is handled under m

* While the first one is in objective function which minimizes total noise cost
produced by transportation in network, second one is get involved as a
constraint in the model.

# Forkenbrock (1999) defines an approximate noise cost per freight truck mile is
0.58 cent, on an average ton-mile basis, the estimate is 0.04 cent.

* This cost is used in the proposed model as a penalty cost of noise pollution in
the objective function.

* |tis also known that transportation is a major source of noise pollution, which
can be defined as unwanted or detrimental sound.

# The Federal Highway Administration (FHWA) has developed a simple noise
emission model pertaining to trucks.

* The model takes into account the speed, number of axles, and weight of the
truck to predict the peak noise level.

Supply Chain Optimization with Environmental Conscious 19



Noise factor

Noise propagation models like the FHWA STAMI —
applied to estimate noise levels at specified distances from a highway .

* The noise function related with vehicle speed is given below:

* a(v) =30+ 26.5 %X Log,o(v) (3)
# Figure shows noise levels (dBA) obtained with average speed (km/hr) at 50 ft
distances.
=o—dBA
84
57 ——

69 /

66

63 o

60

20 30 40 50 60 70 80 90 100 110
Speed (km/hr)
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Road roughness factor

* Road roughness is another environmental factor often measured in terms of
the international roughness index (IRI) which can affect the maintenance,
tire, repair and depreciation cost components of transportation.

* This is because the motion of vehicle tires on a rough pavement surface is
associated with greater resistance to movement, which can lead to higher
levels of fuel consumption compared to transportation at a similar speed on
a smooth surface.

* Also, an indirect effect of poor pavement conditions is that road users may
be forced to drive at lower speeds, leading to higher fuel consumption.

* The relationship between pavement condition and transportation cost
especially fuel cost has been conducted by Barnes and Langworthy (2003).
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Road roughness factor

\

* They developed adjustment factors for all transportation cost components
combined, as a function of pavement condition (Figure).

* They assumed a baseline IRI of 80 inch/mile or 1.26 m/km, at which further
increases in pavement condition would have no impact on transportation
costs.

m=0.001[(IR1/0.0158-80)/10]* + 0.018 [(IR1/0.0158-80)/10] + 0.9991

=
D

1,36
1,32
1,28
1,24
1,2
1,16
1,12
1,08
1,04

Fuel cost adjustment multiplier

-
L
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* Further assumptions about the problem are stated below:

* The demand for each customer is for single-period, is deterministic and must
be fully satisfied (i.e. no shortages are allowed).

* The demands and the transported materials are divisible amounts, which is
applicable in the case of supply chains of gas or liquid products.

* The flow is only allowed to be transferred between two sequential echelons.
* The capacities suppliers and manufacturers are limited and are fixed.

* Transportation, noise, CO, emission, fuel costs and wages are deterministic.
* |RI of each road and permitted max noise levels are known.

Supply Chain Optimization with Environmental Conscious 23



Mathematical Formulation

\

i index of suppliers with i=1, 2,..1

Indices

j index of manufacturers with j=1, 2,..J
k  index of customers with k=1, 2,..K
| index of speed intervals I=1, 2,..L

Cost Parameters
C, unit cost of transportation (except fuel and salary) per ton-km ($/ton*km)

C, social cost of noise per ton-km of transportation ($/ton*km)

hn

C., social costof CO,emissions of transportation ($/kg)
C;  costof one liter fuel oil ($/L)
C,, hourly wage of driver ($/hour)

Supply Chain Optimization with Environmental Conscious
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Mathematical Formulation

Ry
Ad;
Ad;,
dBA;;
dBA;,
Min,
Makx,

Other Parameters

-’

distance between supplier i and manufacturer j (km)

distance between manufacturer j and customer k (km)

capacity of supplier i (ton)

capacity of manufacturer j (ton)

demand of customer k (ton)

road roughness level between supplier i and manufacturer j (m/km)
road roughness level between manufacturer j and customer k (m/km)
fuel cost adjustment multiplier between supplier i and manufacturer j
fuel cost adjustment multiplier manufacturer j and customer k
permitted max noise level between supplier i and manufacturer j (dBA)
permitted max noise level between manufacturer j and customer k (dBA)
permitted min speed level in speed interval | (km/hour)

permitted max speed level in speed interval | (km/hour)

Supply Chain Optimization with Environmental Conscious
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Mathematical Formulation

o

Q; amount of products transported from supplier i to manufacturer j (unit)
Ry, amount of products transported from manufacturer j to customer k (unit)
T; delivery time from supplier i to manufacturer j (hour)

B;  delivery time from manufacturer j to customer k (hour)

E; exposed CO, emission between supplier i and manufacturer j (kg/km)

G, exposed CO, emission between manufacturer j and customer k (kg/km)

U, speed of vehicle between supplier i and manufacturer jin speed interval |
(km/hour)

H;, speed of vehicle between manufacturer jand customer kin speed interval |
(km/hour)

Variables

Supply Chain Optimization with Environmental Conscious 26



Mathematical Formulation

\

F; consumed fuel oil between supplier i and manufacturer j (L/100 km)

Si consumed fuel oil between manufacturer j and customer k (L/100 km)

X; if transportation is actualized between supplier i and manufacturer j, 1;

otherwise, 0

Variables

Y; if transportation is actualized between manufacturer j to customer k, 1;

otherwise, 0

P; if a vehicle moved between supplier i and manufacturer jin speed interval ],

1; otherwise, 0

D, if a vehicle moved between manufacturer jand customer kin speed interval
I, 1; otherwise, 0
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Objective Function

Ce+dij 2k Qjie- djk- Cet —

2 %j Qij-dij.

ZLZ] Ql] dl] Cn"'z Zk Q]k L% C + (5)
ZLZ]ELJ dij. coZ"‘Z'Zk ik - Ajk- Ceoz* (6)
i Z Cr.Adyj. Fij dl]/100+2 2k CrAdjg. S - dj /100 + (7)
2 0 Tij Cdr+2 2k Bji - Car (8)

Component (4) represents the cost of transportation in both two echelons.
Component (5) measures total noise cost incurred by the loaded vehicle.
Component (6) represents total CO, emissions cost which is calculated 8, function.

Component (7) measures total fuel consumption cost per 100 km via using f3;
function.

Component (8) measures the total amount paid to drivers according to
transportation time.
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2. Qij < Cqy Vi
ZkRjk < CCLJ V]
2.j Rj = Dy, Vi
2.iQij — Lk Rjx =0 v;
Ry — M.V <0 Yk

Ry — MYy 21-M ¥,

(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
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2 Piji = Xi;
Zl jkl — ]k
Uiji-Tij = dij. Pyjp

ijz- ik = dij-DJ'kl

30 + 25.6 X L0910(Uijl) < dBA;;
30 + 25.6 X Log10(Hj;) < dBAjy
Pij;.Min; < U;j; < Pyj. Max;,
D;j;.Min; < Hy < D;j;. Max;

Vl’]

(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
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E;j =0,(Ujy)) —Mx (1 —Pyj) Vi
Gire = 0,(Hijt) =M X (1 = Djy)) V)i
Fij = Bi(Uiji) =M x (1= Pij))  Vyjy
Sik = Bi(Hjxy) =M X (1 = Djy) Vg
Qij» Rik, Eij, Gjk, Tij, Bk, Fijy S, Uiji, Hjreg 2 0 Vijik
Xij»Yik, Piji, Dy = {0,1} Viiki

(25)
(26)
(27)
(28)
(29)
(30)
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Numerical Example

o

Suppliers Manufacturers Customers

We consider a two-echelon
supply chain network in which
the chain members are suppliers,
manufacturers and customers,
respectively.

e ROUgh road
Echelon 1 Echelon 2
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* Forkenbrock (1999, 2001) defines unit transportation Cm42 cents per
ton-mile (5.23 cents per ton-km) and fuel and wage cost is 27% of this cost
according to their study.

# Thus, unit transportation cost (except fuel and driver wage) is given as 3.81
cents per ton-km in the example.

* 0.04 cents per ton-mile (0.025 cents per ton-km) is considered for noise cost
(Forkenbrock 1999, 2001).

* The cost of fuel is set to 2.58$ per liter which is an average figure for Turkey
(Opet, 2011).

* The cost of CO, emissions is calculated using the fact that one L of gasoline
contains 2.32 kg of CO, (Bektas and Laporte, 2011). Therefore, it is accepted
1.11$ per CO, kg.

* The hourly wage of a driver is set to an average figure of 12.85s per hour.

Supply Chain Optimization with Environmental Conscious 33



\

Distance and roughness levels between suppliers and manufactures (km) / (m/km)

O == V== W =

Distance and roughness levels between manufactures and customers (km) / (m/km

I R [ e p— p— —
551/2.13 487/2.61 503/2.05 258/3.00 500/1.98 699/1.58
490/2.45 691/1.50 462/2.37 320/2.77 196/3.08 490/2.21
328/2.69 274/2.92 502/1.90 257/3.08 699/1.66 916/1.34

Supply Chain Optimization with Environmental Conscious
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Noise levels, Capacities and Demands

(10 units=1ton)
I‘

Permitted max noise levels between suppliers-manufacturers-customers (dBA)

Manufacturers stomers _

Cu
Suppliers 1 2 3 4 5 6  Manufacturers
1 2 3

81.1 81.3 8> 81.7 81.4 82 81.6 81.7 81 1
80.9 81 81.2 81.3 81.7 82.1 81.3 82 813 2
82 81 80.5 81.8 81.7 81.5 81.7 81.9 814 3
81.5 80.2 81

Capacities of suppliers and manufacturers, and demands of customers
N N A N

2100 2300 2000 1900 o =

Manufacturers 2100 1700 1800

Customers 900 950 900 850 950 900
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Solution

* The nonlinear programming formulation (1)-(30
contains 582 variables and 1497 constraints.

* Computational experiment is conducted on a notebook with Intel Core2 Duo
1.66 GHz and 2 GB RAM and the required computation time to solve the model

to optimality using LINGO 11.0 is 43 seconds.

[ Q. | 1000 E., 0.77268 S 8.20 B,, 7.00 Hyu 70 Xy 1
[ Q. | 800 E,, 0.77268 Sia 7.46 B, 2.80 H,ss 80 X, 1
. Q. | 1000 E 0.77268 S 12.79 B, 6.44 Pss 1 X5 1
| Q, | 750 Gy 0.75267 S, 8.20 B, 4.69 Poss 1 Xa1 1
[ qQ, | 950 Gy, 111922 Sis 8.20 B,, 3.43 P 1 Xy 1
[ qQ, | 950 G 0.77268 Sy 12.79 Uyse 90 Pos 1 Yy 1
. R, | 900 Gy 0.75267 S, 8.20 Uyss 69 P s 1 Y., 1
“ 850 st 0-75267 532 9.20 U313 69 P425 1 Y16 1
[ R, | 200 Gog 0.76480 T, 118 Usas 80 Dis 1 Y, 1
| R, 50 G, 0.75267 T 2.64 Ugis 80 Dy 1 Vo 1
“ 950 ng 0'77268 T31 1.07 U425 80 D165 1 Y26 1
[ R, | 700 Fis 10.20 T, 2.46 Hi, 70 D,., 1 Y, 1
“ 850 F23 8.13 T41 1.15 H142 59 D254 1 Y32 1
“ 950 F31 813 T42 1.21 H165 80 D264 1

T 0.84938 Fs 9.20 Bis 7.19 Hag 70 Dy 1

DER 0.88149 Fan 9.20 B, 4.37 Has, 70 Dsss 1

S 076669 Fpo 9:20 Bs 8.74 Haeq 76 Xis 1
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Optimal flow through the chain

Consumed fuel amounts, emitted CO, emissions and produce noise levels between facilities in

the optimal solution
I‘

Manufacturers Customers

e Consumed fuel (It) === Emitted CO, (kg) === Produced noise (dBA)
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Optimal Costs

Total objective function value
Total transportation costs
Total transportation cost in first echelon

Total fuel costs
Total fuel cost in first echelon

Total fuel cost in second echelon

Total driver costs

Total driver cost in first echelon

Total driver cost in second echelon

Total environmental costs

Total CO, emission cost in first echelon
Total CO, emission cost in second echelon
Total noise cost in first echelon

Total noise cost in second echelon

Total transportation cost in second echelon

o

| | Performance Criteria % of the total cost

14759.56 100.00
9744.08 66.02
2487.55 16.85
7256.53 49.17

742.52 5.04
208.98 1.42
533-54 3.62
698.55 4.74
124.81 0.85
573-74 3.89
3574.41 24.20
672.06 4.55
2838.41 19.23
16.32 0.1
47.62 0.31
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Scenario Analyses for Managerial Insights

* A number of instances are generated to carry out scenc alyses In whic

problem parameters are changed to see the effect on the performance
measures (especially PC1-PC2-PC5-PC8-PC11) stated below.

| performance Criteria
Total objective function value

Total transportation costs

Total fuel costs

Total driver costs

Total environmental costs

Scenarious

Effect of changing demands (Scenario 1)

Effect of changing suppliers’ capacity (Scenario 2)
Effect of changing manufacturers’ capacity (Scenario 3)

Effect of changing suppliers’ and manufacturers’ capacity simultaneously (Scenario 4)
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Effect of changing demands (Scenario 1)

Performance measures as a fraction of total cost under changing demands

|_Sets | _pPc1®)| pcol pPc3l pPcal pcs| pPc6l pPczfl Pc8l PCcol PCiol Pciil PCi2l PCi3l  PCigl  PCig
14759.56 66.02 16.85 49.17 5.04 1.42 3.62 4.74 0.85 3.89 24.20 4.55 19.23 0.11 0.31
4 13624.76 66.89 17.30 49.59 4.50 1.44 3.06 4.60 0.98 3.62 24.01 4.81 18.75 0.12 0.33
24| 12345.05 69.48 17.96 51.52 4.91 1.63 3.28 4.14 1.06 3.08 21.47 5.17 15.84 0.12 0.33
-15/, 12050.56 68.76 18.93 49.83 5.45 1.99 3.46 4.12 1.1 3.01 21.66 6.06 15.15 0.12 0.33
11365.47 67.32 17.58  49.74 5.62 1.95 3.67 4.34 1.24 3.19 22.64 6.13 16.06 0.12 0.33
11653.49 65.53  20.06  45.47 5.89 2.24 3.65 4.52 1.44 3.08  24.08 7.79 15.86 0.13 0.30

Performance values for Scenario 2 (Ech: echelon)

Average Average Average

Travelled . . Consumed
Distance (km) transportation transportation Fuel (It) Emitted CO, (kg) produced
time (hour speed (km/hour noise (dBA

Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2
Current 748 3238 1.62 5.58 78.00 71.86 81.00 206.80 605.46 2557.13 78.39 77-49
-5% 748 2748 1.73 5.48 73.17 72.00 76.30 161.61 590.41 2322.53 77.72 77.55
-10% 748 2049 1.70 4.93 75.00 70.83 77-84 157.18 575.19 1762.15 77-95 77-32
-15% 838 2049 1.74 4.70 80.00 72.50 92.87 161.61 658.24 1644.78 78.69 77-61
-20% 820 2049 1.82 4.70 74.67 72.50 85.79 161.61 627.37 1644.78 77-93 77.61
25% 1004 2049 2.17 4.66 76.33 74.17 101.12 164.65 817.66 1664.71 78.15 77-83

mPC1t mPC2 mPC5 mPC8 PC11

16000
15000
13000
13000
12000

11000
10000
000
000
000
000
5000
4000
3000
2000
1000
0

Current -5% -10% -15% -20% -25%
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Effect of changing suppliers’ capacity (Scenario 2)

Performance measures as a fraction of total cost under changing suppliers’ capacity

14759.56 66.02  16.85  49.17 5.04 1.42 3.62 4.74 0.85 3.89  24.20 4.55 19.23 0.11 0.31
14878.77 65.16  16.59  48.57 5.32 1.63 3.69 4.89 1.08 3.81  24.63 521 18.99 0.1 0.32
15476.33 65.47 18.32  47.15 5.46 1.60 3.86 4.32 0.95 337 24.76 520  19.13 0.12 0.31
14707.13 66.61  16.78  49.83 6.17 1.29 4.88 4.36 0.94 3.42  22.86 426  18.16 0.11 0.33
15760.90 67.83 1728 5055  5.49 135 414 451 0.93  3.58 2217 438  17.35 041 0.33
17017.90 67.96  24.89  43.07 5.56 1.77 3.79 4.55 1.25 330 21.94 6.30  15.20 0.16 0.28
Performance values for Scenario 2
Average Average Average
- DisTt"aar:’:;h(E:m) transportation transportation c::z:l:z’sd Emitted CO, (kg) produced
time (hour speed (km/hour noise (dBA
| Set2  [NAEW Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2
748 3238 1.62 5.58 78.00 71.86 81.00 206.80 605.46 2557.13 78.39 77.49
+5% 912 3235 1.79 5.52 74.29 73.88 94.08 212.59 698.63 2545.44 77-85 77-82
+10% 904 3238 1.91 5.07 76.67 80.62 96.00 231.47 724.80 2667.45 78.17 78.75
+15% 748 3039 1.79 4.90 69.67 79.25 73.72 278.11 563.84 2405.91 7719 78.57
+20% 820 3068 1.90 5.49 71.50 73.50 82.64 252.99 621.42 2463.49 77-46 77.70
+257% 1224 3039 2.76 5.46 73.17 69.63 116.83 250.24 965.30 2329.56 77.71 7718
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Effect of changing manufacturers’ capacity

(Scenario 3)

Performance measures as a fraction of total cost under changing manufacturers’ capacity

| Sets [ pci(®)] P2l P3| pcal pPcs| Pl pPcg| P8 Pco| Pcio| Pcii| PCia]| PGzl  PGs |  PGs
14759.56 66.02 16.85 49.17 5.04 1.42 3.62 4.74 0.85 3.89 24.20 4.55 19.23 0.11 0.31
14019.50 68.74 17.97 50.77 4.34 1.38 2.96 4.42 0.97 3.45 22.50 4.49 17.56 0.12 0.33
14347.89 73.17 23.92 49.25 4.65 1.74 2.91 3.76 124 2.52 18.42 5.91 12.03 0.16 0.32
13986.46 71.31 20.79 50.52 4.90 1.93 2.97 3.76 115 2.61 20.04 6.21 13.36 0.14 0.33
14224.80 71.74 22.06  49.68 4.58 1.76 2.82 3.83 1.1 2.72 19.87 6.28 13.11 0.15 0.33
13589.92 72.25 20.25 52.00 4.47 1.53 2.94 3.93 113 2.80 19.37 5.11 13.79 0.13 0.34

Performance values for Scenario 3

Average Average Average

Travelled . . Consumed ;
Distance (km) transportation transportation Fuel (It) Emitted CO, (kg) produced
time (hour speed (km/hour noise (dBA

Ech. 1 Ech. 2 Ech.1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2
Current 748 3238 1.62 5.58 78.00 71.86 81.00 206.80 605.46 2557.13 78.39 77-49
748 2748 1.77 5.37 71.17 72.71 74.91 160.67 566.85 2218.09 77.41 77.64
1004 2049 2.31 4.69 73.00 72.67 97.00 162.00 763.33 1554.73 77.68 77.64
975 2049 1.79 4.73 81.29 72.33 104.68 160.86 782.23 1682.91 78.79 77.59
931 2049 2.06 5.01 81.33 67.67 96.89 155.36 804.09 1680.30 78.78 76.84
820 2049 1.99 4.93 69.17 68.83 80.41 154.67 625.62 1703.03 77.06 77.02

EPC1 mPC2 mPCs mPC8 PC11
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Effect of changing suppliers’ and manufacturers’

capacity simultaneously (Scenario 4)

Performance measures as a fraction of total cost under changing suppliers’ and manufacturers’ capacity

14759.56 66.02 16.85 49.17 5.04 1.42 3.62 4.74 0.85 3.89 24.20 4.55 19.23 0.11 0.31
14847.82  66.42 18.48  47.94 4.39 1.46 2.93 4.52 0.97 3.55 24.67 4.75 19.48 0.12 0.32
13942.83 72.56 21.88  50.68 4.95 1.70 3.25 3.51 1.10 2.41 18.96 5.69 12.80 0.14 0.33
13223.66  72.69  19.25  53.44 4.99 1.54 3.45 3.50 0.97 2.53  18.83 4.85  13.50 0.13 0.35
13224.38 72.69 19.25 53.44 4.98 1.53 3.45 3.51 0.98 2.53 18.83 4.85 13.50 0.13 0.35
15333.96 72.54  26.46  46.08 4.48 1.83 2.65 3.75 1.33 2.42 19.22 6.61 12.14 0.17 0.30

Performance values for Scenario 4
| Setq |

Travelled Average Average Consumed Average
Distance (km) transportation transportation Fuel (It) Emitted CO, (kg) produced
time (hour speed (km/hour noise (dBA

Set 4 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2 Ech. 1 Ech. 2
748 3238 1.62 5.58 78.00 71.86 81.00 206.80 605.46 2557.13 78.39 77.49
820 2748 1.88 5.87 73.00 70.86 84.27 168.70 640.45 2629.43 77.65 77.26
904 2049 1.99 4.36 74.83 77.67 9213 175.83 71499 160730  77.95  78.35
748 2049 1.67 4.35 75.00 77.67 7878 176.61 577.19 162316  77.95  78.35
748 2049 1.67 4.35 74.83 77.67  78.63 176.61 577.74 160854  77.93  78.35
1152 2049 2.65 4.81 74.67 70.67  108.78 157.30 913.74 1677.43  77.90  77.34
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Conclusion

* In this study a supply chain network'design proble de
consideration the trade-offs between operational and env1ronmental factors of
transporting products under capacities and demands constraints.

* A nonlinear integer programming approach is adapted to the proposed
problem.

* The contributions of this paper were: (i) to describe a modeling approach for
incorporating fuel consumption, CO, emission, noise level, and roughness factor
into existing network planning methods for supply chains, (ii) to offer a novel
nonlinear programming model for the network design problem which, in
contrast to most of the existing studies, minimizes a total cost function
composed of driver wage, fuel, noise, transportation, green gas emissions costs
expressed as a function speed under roughness factor, (iii) to present extensive
computational analyses that capture the trade-off between various
performance measures.

Supply Chain Optimization with Environmental Conscious 44



Suggestions

_‘

Several additions could be embedded to the model;

* Different vehicles may yield more options for decision makers to optimize fuel
consumption, CO, emission and total cost.

*  Another extension should be to consider delivery time restrictions which may
make the problem more realistic.

* Finally, more environmental factors such as road angle and accident risks and
more facilities such as distribution centers, retailers or recycling activities
should be embedded to model.

* At this time, using various simulation techniques or heuristics, such as,
simulated annealing, tabu search, genetic algorithms will be mandatory due to
being NP-complete of large sized models.
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